The occurance of such an event is shown in Fig. 2 . Here, the interaction between the 40 Ar ptojectile'and target nucleus involves high levels of excitation and the emission of a large number of secondary fragments, predominantly nucleons and light fragments. Because central collisions at high energies subject nuclear matter to physical conditions heretofore unavailable in the laboratory, there is currently much theoretical and experimental . 1-14 activity on this aspect of heavy ion phys1cs.
In this experiment we examine the angular and momentum distributions of fragments emitted from relativistc central collisions between emulsion nuclei and heavy-ion projectiles 4 He and 16 0 at 2.1 GeV/A and 40 Ar at 1.8 GeV/A (all beams have rigidity pc/ze = 5,7 GV). The selection criterion we adopt to define a collision as "central" is that it exhibits an absence of projectile fragmentation, as we illustrate in Fig. 2 . We have used Ilford G.5 emulsions for this study because they are sensitive to minimum-ionizing, singly-charged particles. We are able, therefore, to detect all fragmentation nuclei produced in heavy ion collisions, irrespective of charge and velocity.
By carrying out the experiment at E ~ 2 GeV/A we exploit the fact that the difference between the projectile and target rapidities (rapidity y = tanh-1 13L) is sufficiently large to effectively separate target from projectile fragmentation products. In order .to exclude further from this experiment effects due to projectile fragmentation we have limited our measurements of angular distributions to ionizing tracks having restricted grain densities g ~ 2 Q . , corresponding to proton energies E ~ .250 MeV/A for Z=l nuclei, '1Illn ;md to track ranges R ~ 4mm, corresponding to proton energies E ~ 31 MeV (244 MeV/c).
This study thus pertains to particle energies that are primarily associated with target fragmentation. Our ionization and range criteria 12 13 are similar, but not identical , to those adopted by Jakobsson magnification. All track-coordinate measurements were made under oil immersion objectives, 1000x total magnification, using three-coordinate, digitally-encoded (1vm readout) microscopes.
B. Criteria for central collisions
In the present experiment we define a central collision to be one that does not exhibit projectile fragmentation. To establish a criterion for the selection of such collisions we refer to our previous investigation on the properties of projectile fragmentation. There, Heckman et a1. where pB is the beam momentum, equal to 5.7ZB GeV/c, and AB and AF are the mass numbers of the beam and fragment nuclei. The values of cr evaluated p1 from Eq. 1 for Z=1 and Z=2 fragments, taken to be, for simplicity, alphas 
C.· Measurements
For those heavy-ion interactions that satisfied the above criteria, the following procedures for the measurements of angle and track range were carried out for each interaction:
1) The production angles were measured for all secondary fragments having a restricted grain density g ~ 2 g . , after correcting for m1n .
the dip angle, A Z=1 particle with g ~ 2 gmin has an energy E ~ 2SO
MeV/A. Angle measurements were carried out for a minimum of 6SOO fragments for each beam.
2) Both track ranges and angles were measured for a subset of at least distribution of fragments with R ~ 4mm, measured under (2).
III. ANALYTIC PROCEDURES
The fragment range and angular distributions presented in this paper are formed by summing over all of the events observed, rather than treating interactions individually. We make the practical assumption that the system we are considering, i.e., the ensemble formed by all the central collisions observed, is large enough to be considered statistically based on the hypothesis of equal ~priori probabilities in phase space. This allows us to parameterize our distributions in the form of a modified Maxwell-Boltzmann distribution. This distribution, expressed in a covarient, non-relativistic form, in terms of the momentum P of the emitted fragments, is as follows: (2) where e 11 is normally considered to be the longitudinal velocity of the particle-emitting system, ~ = cose, where e is the laboratory angle between the momentum of the fragment of mass M and the momentum of the initial projectile, and P = /2 ME , where E is the characteristic energy per particle in this 0 0 0 hypothetical moving system.
We now examine how Eq. 2 is modified when it is expressed in terms of range R and ~' the two quantities measured in this experiment. To good approximation, the R-(3 relation for Ilford emulsion is given by the power-law
.., -9- where k = 0.174, n = 0.29, R is in mm, and z and m are the atomic number and mass of the fragment, respectively, the latter being in units of the proton mass, i.e., m = M/M . . p In terms of S, Eq. 2 becomes (4) where S = v2E /M. If we transform this distribution to a distribution of 0 0 track ranges R, the distribution in R-11 space becomes (5) where (6) It follows that the parameter we shall denote as (7) which is the ratio of the longitudinal velocity of the center of mass s 11 to the characteristic spectral velocity S of the fragmenting system, is common 0 to both the velocity and range spectra, and is independent of (m,z),
Thus the longitudinal velocity s
11
and spectral velocity S 0 that characterize the range spectrum of unidentified fragments (Eq. 5) are related to the corresponding quantities for the velocity spectrum (Eq. 4) for any fragment (m,z) by the factor (m/z~n, where n is the range~velocity index.
Therefore the parameters S 0 and s
, the only quanti ties we may deduce from Thus, we note that the marginal probability distribution for 8L
(~rapidity y) is Gaussian, with
(1st moment of the f\. 
1+ J J+
where 
The angular distribution derived from Eq. 4 for fragments in the ith interval To first order in X , dN/dll and F/B can be expressed as:
For the values of F/B we shall obtain in this experiment (F/B < 2.5), Eq.
13 c is a good approximation of the exact expression dN/d).J (Eq. 11).
IV. EXPERIMENTAL RESULTS
A. Prong number distribution number. In contrast, the N -distribution for 4He projectiles shows two p maxima, one in the region of N = 6 to 8, and the ·other at N ~ 19. We p p attribute the low-prong-number peak to collisions between the 4He projectile and CNO (light) nuclei, and the high-number peak to collisions with AgBr (heavy) nuclei because He can be occulted in CNO as well as in AgBr collisions.
The absence of this CNO peak in the 1 6o and 40Ar prong distributions indicates that non-occultation of the projectile by the target nucleus occurring in collisions between these projectile nuclei and light CNO targets invariably shows evidence for projectile fragmentation.
We argue, therefore, that the prong distributions observed for 4 0Ar and 16o projectiles are due to interactions with heavy emulsion nuclei only, -14- principally Ag and Br. Similarly, the 4 He events having N > 9 are also p attributable to interactions with Ag and Br. We superimposed the 1 Eo prong distribution, normalized for N > 9, upon the ~e prong distribution to p illustrate the similarity between these distributions. The mean values of these distributions <n>are statistically equal, i.e., 19 .1 for 'ife (after eliminating the CNO peak) and 18.9 for l6Q, and they have comparable widths, 0 , equal to 6.6 and 6.2, respectively. The prong distribution of 4 0Ar has a greater mean prong-number and dispersion, 25.2 ± 7.2, than is observed for the 4He and l6Q distributions, indicative of increased excitation energies fn the 40Ar collisions.
Thus, by eliminating prong numbers N ~ 9 frc.>mr the ~e data, we have In Table I we summarize the angular distribution data for fragments produced by each beam nucleus. The data are catalogued according to the energy (or range) window of the fragments, i.e. , Ep < 31 MeV, Ep < 250 MeV, and R <4mm. (The notation "E <'" will be used to signify that the given (Table I ) and the R ~ 4mm subset of this data, p are virtually independent of the mass of the projectile. The F/B ratio tends, however, to become smaller as A. increases. For the higher-energy window, --beam E < 250 MeV, this slight trend of F/B is reversed, and this ratio for 4 0Ar p increases dramatically, relative to the (approxiamtely equal to one another) F/B ratios for 4He and 16o. Note, however, that for the projectiles used for these data, the number of back-hemisphere prongs per event, N (e > 90°)/N. t' p 1n is nearly constant, being 6.8, 6.7, and 7.1 for 4He, 16o, and 40Ar, respectively.
The changes in the F/B ratios are thus primarily attributable to changes in the fragment-production cross sections in the forward hemisphere.
C. Range and angular distributions, R ~ 4mm
Figs. 4 and 5 present the angular and range distributions observed for fragments with ranges R ~ 4mm emitted from the previously described central collisions produced by the 4He, 16o, and 40Ar projectiles. Tabulated in Table II are the range-velocity parameters ell and e 0 , and the quantity x 0 evaluated therefrom, obtained by least-squares fits of the data to Eq. 10.
The two-parameter fitted curves are superimposed on the angular distribution data (Fig. 4) and on the range spectrum of fragments observed in 16 0 collisions (Fig. 5) . The principal feature of these data is the near irldependence of the normalized range and angular distributions on the mass of the projectile, -16-s indicated by the statistical constancy of the parameters all and eo (Table II) .
Important differences between the data and the two-parameter MaxwellBoltzmann distribution (Eq. 5) are evident, however. We first refer to Fig.   4 , which shows the angular distribution of fragments having R <: 4mm, plotted as a function of incident ion. A close inspection of dN/dcose for cose > 0
shows that its slope is nearly zero, compatible with isotropy in the laboratory, corresponding to a 11~ 0. The angular distributions systematically tend to be nearly more isotropic in the forward hemisphere (in the laboratory) relative to the backward hemisphere. We shall elaborate on this point later. Second, as illustrated by the 16Q data (Fig. 5) , the computed range distributions are systematically lower than the data for ranges R > 2mm. Such differences are consistent with the well-documented experimentally observed excess of energetic fragments, relative to that expected from particle-evaporation models. 18 The differences between the data and fitted curves therefore indicate that unique values of 13 11 and.13 0 cannot account for the shape of the range spectra. To examine how 13ll and a 0 depend on range, we also performed fits to the range-angle data for the range intervals 0 <: R <: 1mm, equivalent to proton energies E < 14 MeV/ A, and 1 <: R <: 4mm, equivalent to 14 <: E <: 31
MeV/A. The results are included in Table II with E < 31 MeV/A were identified. When a sample of the tagged fragments p was followed to the end of their ranges, or to a maximum of 4mm, we found that approximately 85% of the ,tracks came to rest within a 4mm range. The angular distribution for tagged events was also qbserved to differ little from that for fragments whose ranges were actually measured to be ~ 4mm.
The angular distributions observed for fragments with energies E < 31
MeV, based on estimated range, produced by each of the incident projectiles, are shown in Fig. 7 . The distributions are presented as functions of both e and cose. Drawn through the data are curves derived from the fitted Maxwell-Boltzmann distributions. Because these angular distributions were taken without knowledge of particle ranges subject only to the condition that E < 31 MeV, we found that the minimum x 2 -fits did not yield unique This increase is consistent with the inclusion of misidentified fragments in the sample of events having ranges > 4mm that were excluded from the previously described data where the ranges were accurately measured.
As do the angular distributions for fragments with R ~ 4mm (Fig. 6 ), the distributions of dN/dcose consistently show greater isotropy in the forward, relative to backward, hemispherei. In the case of the lGo data, the fits to the data in the backward and forward hemispheres are indicated, which illustrates the marked difference between the angular distributions for cose < 0 and cose > 0, In Table III 
E. Angular distributions, E < 250 MeV
The angular distributions dN/d8 and dN/dcos8 for all fragments with g ~-2 groin are given in Fig, 8 . The experimental data were fitted to the angular distribution given by Eq. 11 to obtain the parameter x . The values 0 of Xo for the Ep < 250 MeV-data are given in Table III for backward, forward and combined hemispheres, the latter fit superimposed on the data shown in Fig. 8 . By extending the energy window from E < 31 toE < 250 MeV, the In contrast to the angular spectra for the low-energy fragments, the angular distribution for fragments with Ep < 250 MeV do exhibit a dependence on projectile mass. Whereas the spectral shape for the '+He and 16Q data are (Table I) . With p an increase in the energy window of the fragments, we note that the maxima in the dN/d8-distributions are at smaller angles~ the maxima having decreased from 70~75°, when E < 31 MeV, to 55-60° when E < 250 MeV.
The one-parameter, Maxwellian fits to the data shown in Fig. 8 give x 2 - values typically 1-2/data point, hence, are satisfactory representations of the observations. Included in Table III teristics:
i) The angular and range distributions are, within the experimental errors, independent of the mass of the projectile;
ii) The longitudinal velocities, sn, of the particle-emitting systems are low, typically 0.012 ± 0.002, with little dependence on the mass of the projectile, and
iii) The ratio x 0 = s
11
/S 0 appears to be constant, independent of projectile mass and energy (range) of the fragments.
In Table IV On a more detailed examination of the angular distributions for fragments Ep ~ 31 ~ev ( Fig. 7 and Table III 
VI. CONCLUSIONS
Although we have discussed how our measured angular spectra differ (a~ excess of fragments near 90°) from the assumed Maxwellian distribution we have used for purposes of .parameterization and intercomparison of the data, these differences are smooth, well-behaved, and void of statisticallysignificant structure.
We summarize the specific conclusions of this emulsion experiment on central collisions between nuclei at 2 GeV/A: For low energy fragments E < 3·1 MeV I A,
1) The angular and range distributions do not depend on the mass of the projectile.
2) The longitudinal velocities of the emitting systems, e
11
, are small, in the range 0. 01 < ell < 0. 03 for all projectiles (Table II) . 2) The dN/de distributions are Maxwellian~ with maxima between 55-60°.
The angular distributions thus shift toward smaller angles as the energy of the fragment increases.
3) The number of fragments per event that are emitted in the backward hemisphere depends little on projectile mass, e.g. 6.8, 6.7, and 7.1 for 4He, I6o, and 40Ar, respectively.
Finally, we obtain no evidence in this experiment for structure in either the range or angular distributions of fragments emitted from central collisions between 2 GeV/n-4 He, l6o, and 4 0Ar projectiles and heavy emulsion nuclei. We find there is no unique Maxwellian distribution that successfully describes both the angular and momentum distributions of the observed fragments, hence, no unique particle-emitting system characterized by a longitudinal velocity s Ernul.
Ernul.
Ernul.
Ernul. See caption for Fig. 7 for identification of the plotted curves.
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